ANALYSIS  OF  THE  KINETICS  Of  THE  AFTER¬ 
BURNING  PROCESS  UPON  INJECTING  AN  OXI¬ 
DIZER  INTO  A  HIGH  TEMPERATURE  FLOW 

Z.  G.  Shaikhutdinov 

Foreign  Technology  Division 

Wright -Patter son  Air  Force  Base,  Ohio 

January  1973 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Roya!  Road,  Springfield  Va.  22151 


V 


AD  75  6098 


FTD-HT-23-1695-72 


FOREIGN  TECHNOLOGY  DIVISION 


ANALYSIS  OP  THE  KINETICS  OP  THE  AFTERBURNING  PROCESS 
UPON  INJECTING  AN  OXIDIZER  INTO  A  HIGH 
TEMPERATURE  PLOW 


Z.  G.  Shaykhutdinov 


oPjSjz 

V  •  • 


Approved  for  public  releases 
distribution  unlimited. 


UNCLASSIFIED 


■alibi*  AJ2I-L  5  1 


DOCUMf  MTCONTftOL  DATA  -RAD 

(Security  elttllhthm  «/  ijMMjt »(  •»*!*>!  mil  AwtertMMMlirtin  aw.I W  «nMw<  wMw  <A«  erarmtl  jtmtrt  It  cltitllltd) 


T.  oiiiwuTiwi  activity  fC«y»w  m»»r; ~  :  **  mn*t  mcuaity  clamipication 

Foreign  Technology  Division  UNCLASSIFIED 

Air  Force  Systems  Command  [u.  «53? 

U.  S,  Air  Force 


•.  ncponr  titl 

ANALYSIS  OF  THE  KINETICS  OF  THE  AFTERBURNING  PROCESS  UPON  INJECTING 
AN  OXIDIZER  INTO  A  HIGH  TEMPERATURE  FLOW 


iipti  vt  NOTH  (Typ*  •Irtftti  tm4  hwhmtn  aim; 

Translation 


rwrmrrr.Tnr^  j  ' 


A.  G.  Shaykhutdlnov 


*,  PROJBCTNO. 


AP5E 


FTD-HT-2  3-1695-72 


Hli  MNIIT  NOW  (Any 


Mlav  *•  Ml  lint* 


T71-0H-01 


10.  DISTRIBUTION  STAYBMBMT 


Approved  for  public  release;  distribution  unlimited. 


11.  SRONSQRINO  MILITANT  ACTIVITY 


Foreign  Technology  Division 
Wright-Patterson  AFB,  Ohio 


i !  mr.i 


-■When  N~0^  is  injected  into  a  high  temperature  gas  flow  containing 
the  products  of  the  incomplete  combustion  of  CO  and  Hj>,  effective 
afterburning  of  these  products  can  be  expected.  This  article 
deals  with  the  calculation  tables  used  for  a  rough  analysis  of 
the  kinetic  laws  governing  these  processes. 


UNCLASSIFIED 


curity  CUssirtcaUon 


UNCLASSIFIED 


Stcurity  CimUHW 


Afterburner 
Afterburninr 
Acceleration 
Flow  Kinetics 


FTD-HT-  23-1695-72 


EDITED  TRANSLATION 

FTD-HT-23-1695-72 

ANALYSIS  OF  THE  KINETICS  OF  THE  AFTERBURNING 
PROCESS  UPON  INJECTING  AN  OXIDIZER  INTO  A  HHffi 
TEMPERATURE  FLOW 

By:  Z.  G.  Shaykhutdinov 

English  pages :  10 

Source:  Uflmskiy  Aviatsionnyy  Institut  lm. 

Ordzhonikidze  Trudy,  No.  17,  1970, 
pp.  3-8. 

Requester:  FTD/PDTA-5 
Translated  by:  Paul  J.  Reiff  Jr. 


Approved  for  public  release; 
distribution  unlimited. 


THIS  TRANSLATION  IS  A  RENDITION  OR  THE  ORICA 

HAL  FOREIGN  TEXT  WITHOUT  ANY  ANALYTICAL  OR 
EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES 

PREPARED  GY> 

AOVOCATEOOR  IMPLIED  ARE  THOSE  OP  THE  SOURCE 
AND  DO  NOT  NECESSARILY  REFLECT  THE  POSITION 

TRANSLATION  DIVISION 

OR  OPINION  OP  THE  FOREIGN  TECHNOLOGY  DA 

PORElfN  TECHNOLOGY  DIVISION 

VISION. 

WP.AFt,  OHIO. 

1 

I 


Datetaa,  2i,AlL- 


HI-  23-1695-72 


ANALYSIS  OF  THE  KINETICS  OF  TK: 

AFTERBURNING  PROCESS  UPON  INJECTING 
AN  OXIDIZER  INTO  A  HIGH  TEMPERATURE 
FLOW 

Z.  G.  Shaykhutdinov 

When  is  injected  into  a  high  temperature  gas  flow 

containing  the  products  of  the  incomplete  combustion  of  CO  and 
H0,  effective  afterburning  of  these  products  can  be  expected. 
This  article  deals  with  the  calculation  tables  used  for  a  rough 
analysis  of  the  kinetic  laws  governing  these  processes. 

The  injection  of  can  be  accompanied  by  the  following 

elementary  processes  which  take  place  in  a  high  temperature 
flow: 

a)  acceleration  and  vaporization  of  liquid  N,^ 

b)  decomposition  of  vaporized  N02  according  to  the  reaction 

NA-*  2NO„  (1) 

c)  decomposition  of  NC>2  according  to  the  reaction 

2N0.-2N0+0,,  (2) 
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d)  decomposition  of  NO  according  to  the  reaction 


2NO«*N,40». 


(3) 


e)  afterburning  of  the  products  of  the  incomplete  combustion 
of  CO  and  H2  according  to  the  reaction 


2CO  4  0,  -  2COt 


(4) 


and 


aH.  +  O.-SH^O.  (5) 

In  principle,  a  number  cf  other  chemical  reactions  can  also 
occur  (reversible  for  all  the  above  and  for  the  decomposition  of 
02  and  H2  molecules  into  atoms,  etc.)  but  when  dealing  with 
moderate  static  temperatures  in  high  speed  flows  they  can  be 
disregarded  in  a  rough  analysis. 


An  analysis  of  the  acceleration  of  a  diffused  liquid  and 
its  vaporizaticr.  is  beyond  the  scope  of  this  article.  There 
is  a  widespread  opinion  that  these  processes  occur  instantaneously, 
i.e.,  the  topic  of  concern  henceforth  will  be  the  homogeneous 
gas  mixture  composed  of  the  combustion  products  of  a  basic 
propellant  and  the  products  of  vaporization. 

The  following  relationships  [1-3]  are  used  in  dealing  with  the 
individual  rates  at  which  chemical  reactions  (1-5)  occur: 


4Cmo« 

“it 


“1 «~ 


dC*o 

idt 


-  K*,o«  (T)Cni04, 

(la) 

-K*c*(T)CW  • 

(2a) 

m  K*©(T)C*«o, 

(3a) 
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(4a) 


tr  / *r\  /to  CiiaO'  N°‘ » 

- — ~Kc<>\ vnjj-;  v~er~;  • 


~*  ~7h~~  Kh..(T)Cs'*((,Co, 


where 

Kn2o«  (T)  ==  10‘«exp  (— ~), 

K.vo(T)  1,3  • 

.Kno,  (T)  =!0Mexp  (~~~), 

Kco  (T)  —  ! ,01  •  10l*exp  ( -^-), 

K-»i,(T)=»  1,14. 10,0exp  (~^), 

Here  C  are  fche  absolute  values  of  the  reacting  components 
In  moles  per  liter;  Ce  is  the  total  concentration  of  all  components 
of  the  mixture  in  the  same  units  (i.e.,  moles  per  liter);  R  and  T 
are  the  universal  gas  constant  and  temperature  of  the  mixture 
respectively;  t  is  the  reaction  time;  Ki(T)  is  the  reaction  rate 
constant. 

The  table  gives  the  results  of  calculations  for  the  reaction 
rates  in  the  actually  expected  range  of  change  in  concentration 
of  the  reacting  components  and  temperatures  of  the  mixture. 

The  table  shows  that  reaction  (1)  takes  place  so  rapidly 
in  comparison  with  reaction  (2)  that  its  velocity  can  be  taken 
as  infinite  and  that  the  NOg  yield  can  be  determined  on  the  basis 
of  the  NgOjj  evaporation  rate  directly.  It  is  worth  mentioning 
that  the  calculation  analysis  discloses  that  this  reaction 
actually  takes  place  concurrently  with  evaporization  in  the 
immediate  vicinity  of  the  drop  surface  in  the  "reduced”  film. 
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Table 


rK-°  ff?*8 1 — Op — fet-Lfe-J — ~ — 

thsm  i  _  * _ *  * •  r  *  i  ** 

ISM*  10-1  O.MIf*  4,44 ■  10*  k 4  ■  IftJ  *10*  1,14  Iff 

1800*;  10--0  QI5  If*  Ml  If  M  JO*  *10*  1,14  •  I0*i» 

mmmo-4  art  if*  a*  if  tfif*  »io*  o.i  if/* 

2000*;  10  -*  0,/»  •  If*  0,44  If  1,2  •  If-*  *10*  0.2  If/* 

2104*;  10-*  4,n  •  If*  .  1,1  •  If  1,5  -  If  *  10* '  0,2  •  lf/» 

Reaction  rate  (2)  is  more  or  less  commensurate  with  reaction  rate 
(3)  while  afterburning  reactions  (4)  and  (5)  again  occur  at  an 
"infinite”  speed  in  comparison  with  (3)  and  even  with  (2). 

Therefore,  when  calculating  the  overall  reaction  rate,  we 
can,  it  seems,  consider  only  the  kinetics  of  reactions  (2)  and  (3) 
since  reactions  (1),  (4)  and  (5)  transpire  instantaneously. 

In  such  cases,  the  afterburn  of  CO  and  H2  products  is  limited 
by  the  release  of  02  resulting  from  NO.,  and  NO  decomposition 
while  the  oxygen  already  released  is  immediately  completely 
consumed  in  the  oxidation  of  CO  and  Hg  according  to  the  equilibrium 
conditions : 


(6) 

where  Kp(T)  is  the  equilibrium  constant  for  the  components  of 
C02,  CO,  HgO  and  H2,  dependent  on  temperature  only. 


Here  (Ci)  are  the  total  concentrations  of  the  reacting  i-th 
components.  The  correct  relationships  for  them  are: 


\ 


(Croj)  « 

(C||«o)i 

«%,.).  r 

(Ci..)*  -• 


--C°co»  +  A  CO, 
—  -f  /\H,0 
•CVo  +  .;,CO 
CV-h  A  H„ 
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where  ACi  is  the  change  in  Ci  concentration  during  afterburning; 
C°i  is  the  original  concentration. 

Oxygen  release  occurs  by  means  of  two  complete  reactions: 

a)  N.0,-2N<*-#2N0  +  0,  (7) 

N, 

b)  NA-ZNO^-aNO-O;.  (8) 

The  02  formation  rate  by  the  first  reaction  will  be 

y-ar  “  y-KwiCV,  ( 9 ) 


by  the  second  reaction, 

~  'J*  —  (KwoC*no  —  Kmo»CS#oj)  (  io  ) 


The  overall  oxygen  "production"  rate  in  the  afterburning 
reaction  for  will  be 

*3?-“  +(^r+  **?)•  tk“c’*o-  (u) 

The  CN0-time  relationship  which  enters  into  equation  (11)  is 
discovered  by  solving  regular  differential  equations  (9)  and  (10). 


To  integrate  the  equations  let  us  exclude  the  time  factor 
immediately  since  it  is  an  independent  variable;  having  divided 
(10)  into  (9)  we  realize: 


<jCwo  KnoCVo—  KmqC^ci  _  |  ,  Kn»  ,/C no  \« 

«5mO|  Kwoi  •  C*noi  "*  "  KnoT  \C5oi  7 


(12) 
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•  waving  performed  the  substitution 


('so  —  Cnoj  •  y.  (13) 

we  obtain 

*  >*  “  y  1  *  (1*0 

The  result  is  an  equation  with  separable  variables  of  the 

type 

■jyt  Fty  -f  c  “  dlnCuo*.  ( 15 ) 

where 


a-  -Kwo|Kho».  b  1,  c  **  —  1.  (16) 

An  analysis  of  the  kinetic  relationships  for  reactions  (2) 
and  (3)  shows  that  KN02  always  exceeds  KNO  by  at  least  two- thirds. 
Therefore, 


A,y5ir4rc>0.  (17) 

Under  these  conditions  integrating  (15)  will  produce 


or 


2«#  !-  b  —  A 

ityTSTS" 


in 


CNCfc 

~W~ 


(18) 


(19) 
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The  expression  for  0  in  (19),  on  condition  that  y  ■  0  when 

°no2  *  °°no2*  1s 

A'M’A  .  t  or\\ 


e  *« (C*no,) 


Inserting  (20)  into  (19)  and  having  performed- the  appropriate 
transformations,  we  obtain  the  equation  for  y 


-<>-»»{■  -te&)T  ••  , 

y  J'Kwo  r ,  >b 

>TSoTl.  ~  'C'no^T+a  J 


Considering  the  above  remarks  on  the  relationship  between 
Knq  and  Knq.  ,  we  can  insert  into  this  equation 


r  Kno* 


in  all  places  where  there  is  no  deduction  of  similar-valued 
magnitudes.  In  addition,  the  units  in  the  denominator  enclosed 
by  the  square  brackets  can  be  disregarded  when  comparing  this 
value  with  the  calculated  value.  Then,  instead  of  (21)  we  can 
write 


The  relationship  C. 


(9)  for  C, 


C°Mn  ,  whef!  t  *  0: 


f(x)  is  determined  by  Integrating 
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Inserting  (23)  and  (22)  into  (13),  we  final] y  ut tain  the 
expression  for  the  variation  of  NO  concentration  with  respect 
to  time. 


4|A  ^n®*/c#no.- . 

Cn0  ‘ "  2  '  Kno  rN0* 


c»no,  A 

KM?™*) 


while  for  oxygen  "production"  rate  we  have 


(24) 


dCO, 

d« 


(b  !  W  K‘NOj  _ _ \t 

"V  Kno  1  -KNo£°Nor  J 


(25) 


The  resultant  differential  equation  has  separable  variables. 
Integrating  it  within  the  limits  x  ■  0  to  x  gives  the  oxygen 
production  rate  in  time  x: 

‘CO.  Rn0^~  '»  <>  +  KNOtf*r.o,)- 

1  ..  ..  ......I 

KNO,C*NO,(l  4-KNoCJNO,t  I 


thus  allowing  us  to  calculate  the  intensity  of  the  afterburning 
processes  for  CO  and  at  the  expense  of  the  incoming  oxygen 
(realizing  that  these  rates  are  greater  than  the  rate  of  02 
"production") : 

&Cco  c—  2*bCo .  (27) 

ACh.--2(1-*)AC<v  (28) 


ACco,«2*ACQo  (29) 
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A(’W;o  2(1  -y)ACo.. 


(30) 


The  result  of  inserting  these  relationships  l^to  equilibrium 
equation  (6)  and  appropriate  transformation  is 


~_Jr* 


Kp  (T). 


At  this  point,  provided  C°co  .  C°H  *  Kp(T)  C°C0C°H  Q,  we  obtain 

the  quadratic  equation  for  x  which  when  solved  gives  the-  re¬ 
lationship  of  quantity  x  as  a  function  of  the  state  of  the 
reactive  system  in  the  form 


x (b *v  V  bT-’ldc~j; 


where 


b  •-.»  j cv«;  -!- CcoK  |)  ( T;  4-  ffn. +CVKp  <T)  --  2*c .  + 
SA-.-CsKp  (  01; 

a  «  2AC0t( !  -  Kp  mi;  C  «  [-Ctor  C’coKp  H')} 


(32) 


Equation  (26)  was  derived  under  the  condition  T  *  const  and 
can  be  used  reliably  for  an  evaluation  of  afterburn  intensity 
in  the  final  time  Interval  of  the  isothermal  process  only. 

However,  considering  the  actual  smooth  change  in  temperature  | 

which  occurs  during  afterburning  along  the  channel  length,  j 

equations  (26)  ,(27-30)  and  (32)  can  also  be  used  for.a  rough  estimate  of  j 
afterburning  intensity  in  the  non- isothermal  case.  If  a  more 
accurate  calculation  is  desired,  the  entire  afterburn  time  interval 
can  be  divided  into  several  parts  for  which  a  slight  temperature 
change  is  expected.  Meanwhile,  the  afterburn  length  divided  by 
the  rate  can  be  used  as  the  argument  in  equation  (26). 
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